We have established a model that shows cooperative interaction among preimplantation embryos and the role of growth factors on their development and growth.
had inferior development to blastocysts and lower cell numbers per blastocyst compared with those cultured in groups of 5 or 10. The inferior development of singly cultured embryos was markedly improved by addition of epidermal growth factor (EGF) or transforming growth factor a or 31 (TGF-a or TGF-131) to the culture medium. The stage of embryonic development, primarily affected by these treatments, was between eight-cell/morula and blastocyst. Furthermore, bIastocysts developed from eight-cell embryos cultured in groups or singly in the presence ofEGF showed a higher incidence ofzona hatching compared with those cultured singly in the absence of EGF. Detection of EGF receptors on the embryonic cell surface at eight-cell/morula and blastocyst stages suggests beneficial effects of EGF or TGF-a on preimplantation embryo development and blastocyst functions. Insulin-like growth factor I (IGF-I) had no influence on embryo development. To further A'scuMent the cooperative interactions among embryos, the wvhme of the culture medium was doubled to 50 A.L This imease in culture volume was even more detrimental to the development of singly cultured embryos. However, this detrimental effect was significantly reversed by EGF and reversed even more markedly by a combination of EGF and TGF-131 but not by TGF-131 alone. Although TGF-131 plus IGF-I caused a modest improvement ofembryo development, the response was not as great as shown by EGF alone. Furthermore, IGF-I had no additive effect on EGF-induced embryonic development. The study presents clear evidence that specific growth factors of embryonic and/or reproductive tract origin participate in preimplantation embryo development and blastocyst functions in an autocrine/paracrine manner.
The development of mouse preimplantation embryos to the bastocyst stage is, at least partially, a function of autoregulation. Two distinct features of the preimplantation embryo development are activation and cleavage of the fertilized egg and differentiation of the embryonic cells into inner cell mass (ICM) and trophectoderm at the blastocyst stage. The mechanism by which proliferation and differentiation are controlled in the preimplantation embryo is unclear. Although fertilized eggs can develop into blastocysts within the reproductive tract of steroid hormone-depleted mice, a substantial loss in the number of embryos and cells per embryo occurs under this condition. Treatment with an appropriate combination of progesterone (P4) and estrogen (E) reverses these defects (1, 2). These observations suggest that although certain factors of embryonic origin participate in an autocrine regulation of embryonic development, the full complement of preimplantation embryo development requires additional paracrine factors that originate from the reproductive tract under the influence of P4 and E. There is no convincing evidence for direct effects of P4 and/or E on preimplantation embryo development. The concept of autocrine regulation of preimplantation embryo development and differentiation is further supported by the fact that preimplantation embryos can develop into blastocysts in vitro in a simple medium (3). However, embryonic growth rate is slower in vitro and there are fewer cells in in vitro-grown blastocysts (4) . This suggests that absence of growth factors of reproductive tract origin and/or dilution of these factors released by the embryos in the culture medium are responsible for retarded development of preimplantation embryos in vitro. This contention is further supported by recent reports of synthesis of several growth factors by the preimplantation embryo (5) and the uterus (6) (7) (8) (20-25 g ) of Charles River strain (CD-1) were mated with the males of the same strain. The morning of finding the vaginal plug was designated as day 1 of pregnancy.
Embryo Culture. To study cooperative interactions among embryos and the role of growth factors on preimplantation embryo development, two-cell embryos on day 2 (0830-0900 hr) were recovered and pooled from several mice in Whitten's medium containing 0.3% bovine serum albumin (9) . They were washed four times in the same medium. Embryos were cultured in groups of S or 10 or singly in microdrops (25 or 50 ,ul) of Whitten's medium (9, 10) under silicon oil in an atmosphere of 5% C02/95% air at 370C for 72 hr in the presence or absence of various concentrations of specific growth factors or their combinations. The growth factors were added at the beginning of cultures. The embryos were observed every 24 hr to monitor their development. At the termination of culture, cell number per blastocyst was determined (11) . To study cooperative interactions among embryos and the role of growth factors on zona hatching in vitro (complete escape of the blastocyst from its zona pellucida), eight-cell embryos recovered on day 3 (0830-0900 hr) were cultured in groups of 5-14 or singly in the presence or absence of EGF for 72 hr. The embryos were examined every 12 hr for their development. Each experiment was repeated three to nine times with the exception of numerous replicates of controls included in each experimental repetition.
EGF Binding Analysis. Preimplantation embryos at onecell, two-cell, four-cell, eight-cell, morula, and blastocyst stages were recovered in Whitten's medium on days 1-4 of pregnancy. They were freed of zona pellucidae by a brief exposure to 0.5% Pronase solution in phosphate-buffered saline (PBS), washed several times, and cultured for 2 hr in the same medium. They were then incubated in 25-,ul microdrops under silicon oil with 20 pM 1251-EGF (specific activity, 150 ± 10 gCi/,4g; 1 Ci = 37 GBq) in PBS containing 0.1% bovine serum albumin in the presence or absence of a 500-fold excess of unlabeled EGF, TGF-a, TGF-p1, or IGF-I for 30 min at 370C. After incubation, embryos were washed five times in cold (40C) PBS and fixed in cold 4% paraformaldehyde in PBS for 15 min. They were then "cytospun" onto poly(L-lysine)-coated slides. The slides were dehydrated through ascending grades of alcohol, dipped into Kodak NBT-2 emulsion, exposed for 7 days, developed, and stained in hematoxylin.
RESULTS
As shown in Fig. 1 , only 49o of the embryos cultured singly in 25 ,ul of medium developed to blastocysts compared with >80%/o of those cultured in groups. This inferior development of singly cultured embryos to blastocysts was markedly improved in a concentration-dependent manner by the addition of EGF or TGF-a (Fig. 2) . Furthermore, although none of the embryos cultured singly formed blastocysts at 48 hr of culture, about 20% of the embryos cultured in groups or about 40% of the embryos cultured singly in the presence of EGF (10 ng/ml) developed to blastocysts by this time (data not shown). EGF at 200 ng/ml did not further improve embryo development compared with that at 10 ng/ml, and this growth factor had little effect on development when the embryos were cultured in groups (data not shown). The developmental arrest of embryos cultured singly was primarily at the eight-cell/morula stage. Although IGF-I was ineffective in improving embryo development to blastocysts, TGF-,B1 was very effective in this response ( pAI further decreased the number of blastocysts developed from singly cultured embryos (49% vs. 28%) (Fig. 1 vs. Fig.  4 ). Although addition of EGF significantly improved embryonic development to blastocysts (51%), further improvement was noted (87%) when a combination of EGF and TGF-f1 was added in the culture medium (Fig. 4) . TGF-P1 alone was not effective in improving embryo development. TGF-,81 plus IGF-I showed a modest improvement in embryo development, but the response was not any better than that achieved by EGF alone. Furthermore, IGF-I did not influence EGF-induced embryonic development (Fig. 4) increasing cell numbers per blastocyst of singly cultured embryos in 50 ,ul of medium compared with those cultured in 25 ,u1 of medium (Fig. 5) . Table 1 shows that although most of the eight-cell embryos cultured in groups or singly in the presence or absence of EGF developed to blastocysts, the singly cultured blastocysts showed a poor incidence of zona hatching (11%) compared with those cultured in groups (52%). The poor rate of zona hatching of singly cultured blastocysts was remarkably improved in the presence of EGF in a concentrationdependent manner. However, the rate of zona hatching of blastocysts cultured in groups was only modestly improved by EGF (52% vs. 64%). Although a large number of eight-cell embryos cultured singly in 25 1.l of medium developed to blastocysts by 32 hr in the absence (86%, n = 35) or presence (95%, n = 43) of EGF, the cell number per blastocyst increased significantly (P < 0.0001) in the presence of EGF (43.1 + 1.7, n = 30) in contrast to that in the absence of this growth factor (31.9 ± 1.7, n = 24).
Under our experimental conditions, low-intensity specific autoradiographic signals for 1251I-EGF binding to the embryonic cell surface were first detected at the eight-cell stage (data not shown). The binding then increased at the morula and blastocyst stages (Fig. 6) 
DISCUSSION
The major finding of the present investigation is that there is a cooperative interaction among preimplantation embryos in vitro and that this interaction is mediated by specific growth factors released by them. This observation is important since TGF-f1 is expressed in the mouse embryo from two-cell stage, and platelet-derived growth factor A chain and TGF-a are expressed in the morula and blastocyst (5) . This (6) . Since embryos at the morula stage enter into the uterus late on day 3 or early on day 4, and since EGF or TGF-a mediates its functions through EGF receptors (14, 15) , we suggest that TGF-a produced by the embryo (5) participates in morula to blastocyst transformation, zona shedding, and blastocyst activation in an autocrine manner, whereas EGF at the apical border of the luminal epithelium on day 4 (6) does so in a paracrine fashion.
EGF possesses well-documented mitogenic and differentiating effects (16) . EGF-induced increases in cell number per blastocyst and in the number of blastocysts developed from two-cell embryos cultured singly in 25 ul of medium reflect mitogenic and differentiating effects on preimplantation development. Although TGF-a belongs to the EGF family and has 40% sequence homology with EGF (17), it was not as effective as EGF in increasing the blastocyst cell numbers. This is not surprising, since EGF and TGF-a bind differently to EGF receptors (18) . This may explain differences in the potency of expressing biological activities of these two related growth factors (19) (20) (21) (22) (23) . The failure of other investigators to clearly demonstrate the effects of these growth factors on morphologic and mitogenic development of the preimplantation mouse embryos could be due to the fact that they cultured embryos in groups (24, 25) . However, one laboratory observed a moderate, but statistically significant, increase in protein synthesis in cultured morulae and blastocysts exposed to EGF (25) . By the use of immunosurgery, these investigators also noted that the effect of EGF was confined to trophectoderm cells and suggested that EGF receptors are expressed in trophectoderm cells of the blastocyst during its formation from a morula. Our success in showing dramatic biological effects of EGF and specific autoradiographic localization of '25I-EGF binding on embryonic cell surface at the eight-cell/morula and blastocyst stages, but not at earlier embryonic stages, provides direct evidence for the expression of a functional ligand-receptor circuit at a critical stage of embryo development and blastocyst function-i.e., morula to blastocyst transformation and zona shedding. The ICM cells did not show any autoradiographic localization of 1251-EGF binding. Although the absence of EGF binding to ICM cells could be due to the inaccessibility of EGF to the ICM owing to the tight junctions in the trophectoderm, this is unlikely because immunoreactive EGF receptor protein was exclusively localized in the trophectoderm cells, and not in the ICM cells, of the day-5 postimplantation blastocyst sections (26) . The presence of EGF receptors on trophoblast outgrowths and their absence on the ICM-derived cells further suggest that these receptors are expressed in the trophectoderm cells (27) . This implies that EGF or TGF-a is important in promoting growth and differentiation of trophectoderm cells which proliferate at a faster rate than ICM cells (28) .
TGF-l3 belongs to a large gene family and multiple forms of TGF-,f with diverse functions have been identified (29) .
Because of its role in cell migration, growth, differentiation, and formation of extracellular matrix and cell surface molecules, TGF-/3 has been implicated in embryogenesis (29) . The expression of TGF-l3 in tissues undergoing morphogenesis suggests its role in differentiation (29) . The differential effects of this growth factor on undifferentiated and differentiated (4) further suggests that the eight-cell/morula stage is critical in the embryo's life.
The model established in this study allows examination of the roles of various growth factors and their interactions on preimplantation embryo development in various species. The study provides important information to our understanding of normal preimplantation embryo development and could be valuable for in vitro fertilization, preimplantation diagnosis of genetic diseases, development of serum-free culture medium for embryo manipulation, and cloning of embryos in vitro.
